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CHAPTER 1 - BASIC PRINCIPLES

7

v 1-1.  An ammeter of the moving-iron type is shown in Figure 1-1, The curved
soft iron piece is drawn into the stationary coil. This motion is opposed by the -
torsional spring. The inductance of the coil is'L = 8 + 250 micro henries where
0 is deflection in radians,
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a) Show that the instrument measures the root mean square
valve of the current.

b) Find the spring constant, K, for a 120° deflection of
the pointer when 5 amperes rms current flows.

c) If coil resistance is 0.01 ohms, what will be the voltage

drop across the ammeter when 5 amperes at 60 hz flows through .
the ammeter? 7
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~ Figure 1-2 depicts the movement of an electrostatic voltmeter used to
measute relatively high voltage from high impedance saurces. Application of
voltage causes the moveable plate to enter the spacing between the fixed plates.
The position of the moveable plate with no voltage applied Is where it is just
about to enter the space between the fixed plates.
. a)  For a maximum d.c. voltage of V4 and n radidns of

' , pointer rotation, find K, the spring constant in terms of

- o " the various parameters. .

' b) What will be the deflection for any voltage V?

. c) - Assume a sinugoldal voltage Vi Sin wt is impressed.
) What will the deflection be? o
. d) When a d.c. voltagé of Vd is ‘qurmed, the angular
" deflection is given by:

-

’
)

‘8 =ﬂ|(‘ - (E-t/T)

Calculate the energy extracted from the source, the energy stored in
the spring and the enerdy stored in the capacitance. Is energy conserved heré?

1-3." The rotor and stator of a simplified 4 pole machine are shown in Figure 1-3..
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Manufacturing tolerances result in an axial ﬂ’uphcemﬁnt of the rotor
as showh above. Machine dimensions are: '

t = 0.025 meters - B =10.85 webers/m.eter2
- D = 0.250 meters ¢ = 1 radian
-~ .
~




3
}If the slots are neglected, the air gap length & cam be considered constart,
- Neglect fringing of the flux. Find the axial force tending to correct the mimngnmentf

1-4, A cylindricdl mognet structure ii shown }n Figure 1-4, The moveable plunger
has a cross sectional area of 25 x 107" meters”. It slides horizontally through a
circular opening in the magnetic housing. The air gap between plunger and housing
is negligible.
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The “magnetic material is of extremely high permeability and saturotes
abruptly at 1.5 webers/meter2, . . ' \j/
a) Determine an analytical expression for the static force on the
. plunger as a function of gap length, noting that a saturation flux
density will,occur. Plot force vs gap length. |
b) If the plunger moves slowly from a gap length of 1.5 cm to
the fully closed poshio at mechanical work is done?
¢) If the plunger moves-so quickly from an initidl gap of
1.5 cm that the flux linkages of the coil remain constant
during motion how much mechanical work is done?

e

1-5. An elementary reluctance motor is shown in Figure 1-5, X
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The slr‘usoidol\iurront, i, of angular velocity , causes an instantaneous
flux;, ¢ , as: \

o ¢ = ¢ cos ut i

7

«The instantaneous reluctance (Als o‘funcﬂon of rotor position, ¢,.
If a sinusoidal variation of Qis assumed )

-

V4 ‘ - l ‘ .
=5(Oq +(R) - 2(C% -QR) cos 26,

.where the d and q subscripts denote rotor position along the d axis, or stator

axis and in quadrature with the stator axis.

a) Show that for net average torque to be produced the rotor
angular velocity must equal the. electrial angular velocity,
i.e, W=0w,

b) Show that T

ave’ the average value- of torque,is given by

: \ -
Ve ' | 2 :
_ Q[\ h Tave =8 *m @q—qj) sin 26
5,._\ o -
c) For a winding of negligible ‘resistance and energized
from a sinusoidal voltage source of rms value V, it can be.

shown that:
V = 4,44 f N ¢
m

\ Also, from the definition of inductance, L: - =\

N¢ _N¥ N2
N A&

where P is electrical frequency and N is the ﬁf.mber of turns comprising the

L'_"

. winding.

5

e Ty

> For a reluctance motor with stator winding N = 2000 thi'.rfs,
Lg = 1.25h, L, = 0.5 h energized from a 60 hz, 120 volt rms source,
calculate the torque developed.

-
1-6. Figure 1-6 depicts, in cross section, a machine with rotor wind FF' and
two identical stator windings aa' and bb' which are in quadrature.
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The self inductances of the stator windings are L, = Ll\> and the self
inductance of the rotor winding is L¢ henrys, The mutual inductances Lqf and -

'Lbf' are:

L°p=Lcos ) L = L sin @

The resistance of each stator winding is r ohms. " : C

a) Find a general ex;‘)ression for instantaneous torque as a function
of ig, i, if, © and the inductances.
b) If the rotor is stationary at 8 = 0 and constant currents of
valve i, = i}, = if are applied, what is the initial torque? |

’ What is the final angle- of the rotor? ‘ ©
c) What is the maximum torque that can be developed for ‘
constant currents ig = i, = ig? At what angle does this occur?
d) Assume the rotor is excited by constant current l¢ and the
stator windings are excited by sinusoidal currents witL a time
separation of n/2 radians. Thus; ‘ ‘

ig = Y2 | coswt
iL = v/.fl sin wt
The angle- 6 is given by:

,9=w°t-6 j .

where & is the position of the rotor at-t = 0. We now have an elementary

cylindrical-rotor ‘polyphase (2) motor. What relationship betweeniw apd'
must exist if average torque is produced?




" @) What is the value of the average torque under the condmons

of d). ° t Su
f) Find on ‘expression for the instantaneous termmal voltoge
) applied to wind!ngs aa' and bb', 3

-

1-7. Figure 1-7 -depicts a two phase polyphase. synchronous machine with
salient rotor, rather than a cylindrical rotor as in problem 1-6.
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Because of the nonuniform air gap the self and mutucl mductonces of.
the stator’ windings are-functions of the rotor position as is theé mutual induétances
of the rotor, The self inductance of the rotor is constant, The inductances are:

‘ L°=L0+Lc0320
Ly, = L, ~ L cos 2

" Lab=Lsin2<9

Lo = M cos' 6 )
\ Le = M sin 0~
— Le = Lf \
4 | The rotor is excited with a direct current If. The currents i'n _the \

stator wmdmgs are:
14 i‘ ] .
.- . . A

4

N ) iq = V2 | coswt ib=v’§|sinut
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The rotor is.revolving at speedw , =« and rotor position is:

O =w t - 3§
o

where 6 is rotor position at t = 0, Show that the average torque is.a constapt
(not a function of time) and is ‘eomposed of a component proportional to sin &
and a component proportional to sin 26, The latter is the' "reluctance" torqbo

and the former is the "“synchronous" torque.
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¢ CHAPTER 11 - TORQUE AND VOLTAGE CONCEPT\S\ 8

2-1. A d.c. machine is tested by driving at 1200 rpm and exciting the fiold

winging with 1.5 amperes. The "opeh circuit" drmature voltage is 200 volts.
The armature resistqnce is measured as 0.10 ohms. A resistance load of 2.5
ohms is connected across the armature circuit and the field current is adjusted
to cayse a current of 100 amperes to flow in the 2.5 ohm load. Speed’ is -
copstant at 1200 rpm.

a) What is the value of field current necessary? N
- b) What is the électrical power output of the machine?
c) What is the mechanical power input to the machine?

2-2. The armature of the maghire from 2-1 is connected across a 250 volt
d.c. source to run as a motorlly The field is excited with 1.5 amperes. A
torque load of 15 newton meters is connected to the shaft. The speed will
adjust. iseflf to permit the flow of the necessary magnitude of armature current
which in tum results in the proper value of shaft torque. |

a) What is the armature current? o :

b) What is the resulting speed? - ' s
c) |If the field excitation is increased to 2.0 ampores ond the
torque is maintained constant what are the new values of steady
state current and speed?

d) If the torque is reduced to 10 newton ‘meters and the
excitation maintained at 2.0 amperes what are the values of
speed and armature current?

e) If the torque is 10 newton meters the field excitation at
2.0 amperes and the 0pp|led source voltoge is reduced to

125 volts d.c,” what are the values of speed and’ armatute

current? .
2-3. a) Compar1 the effect on the speed of a d.c. motor of varying the
line voltage® with that of varying only the armature termmal voltage,

$O that the field current remains fixed.

| b) Compare both these effeck with that of varying only the
field current, the armature terminal voltage remqin_ng fixed.

( o '
2-4. State how the armature current and speed of a d.c. motor wduld be

affected by each of the following changes in the operating conditions: (In
each case, only brief quanhtcmve statements of the order of magriitude of
the changbs are desired, e.g., "speed approximately ’nal\{ed")

a) Halvingthe armature terminal voltage, the field current and
load torque remaining constant.

b) Halving the armature terminal voltoge, the field current
and ﬁarsepower output remaining constant, ~

?

11




“horsepower output rema kning constant, :

c) Doubling the fleld flyx, thd ormqture rvrylnal vo'hogo ond load

fo(que remaining constont. .. - /! , .
_d) Halving both the Fiold Flux and armotur termfna‘ \kﬂtago, the

e). - Halving the ormature terminal vo|fd ,. the. Tie'd F|ux romulning

*  constant and the |ood torque varying as, b Qquare of the. spood

d,g

2:4; A smollvlemqntury genemtor is depictod /‘in Figurq 2 5 L
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Coils aa' and bb' represent concentrated coils of 10 tums each. All

" the turns in each coil are connected in series and the coils connected as shown
*in (b) to form a.2 phase system. The flux resulting from each pole is sinusoidally
distributed in space and is 50- megatine¥ per pcle.. The rotor is driven at 1800 rpm.

~

a) Find the rms generated voltage to neutral,

b) -Determine the line-line rms voltage.

c) . What 4s the frequency of the generated voltage?

d) Take zero time as the instant when the positive flux linkages
(from a N pole) with aa' are a-maximum. Write a consistent set
of time equations for the two phase voltages aa' and bb'.

" e) Write a consistent set of time equations for the voltages a'-b’

—

and b'-a’.

2-6. A mptor has its rotor supplied with durect current and its stator (armature)
with alterriating current from a constant voltage source. The load on the motor is
a constant torque load. Describe the effect of increasing the field curamt on the

following:

k t e

a) The magnitude of the resulting flux wave.
b) The magnitude of the armature current.
c) The magnitude of the armature ¢urrent in phase with the armature

voltage.
d) The space angle betweeri armuture mmf and’ resultant flux -wave.

12
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CHAPTER Il - TORQUE, AND VOLTAGE CONCEPTS, Cont'd 10

3-1. .A d.c. machine rated 250 volts, 1750.rpm, 4 pble has 2 parallel paths throuqh\
the armature. The armature has 35 slots with 6 coil sides per slot and 2 turns per

' . coil, . The average length of oné tum is 2.5 foet- and the conductor has o resistoncp
v o of ,1.0 ohm per 1000 feet . . SO | Y

- ) o ! .

), Fmd the flux per pd‘e }o produco 250" Vblts at rated speed Lo

" b) Determine theresistance of.the armdture winding -
¢) The machine s to be ‘operated as a generator supplying 50"
amperes, ihto o load, If the voltage drop Is 2.0 volts across the
catbon brushes and the terminal voltage, i.e., voltage across the
load, is 250 volts what value of flux per pole is required?
(Speed qt 1750 rpm).
d) If the flux per pole was at the value in a) what speed would =
be necessary to supply .50 ampees at 250 volts terminal voltage?
e) If the machine was running as a motor with 250 volts applied
o and the load such that 50 amperes of armature current resulted, what
' value of flux per pole would yield a speed of 1500 rpm?
_f) What is the torque developed under the conditions of e)?

. 3-2. The full load torque angle of a synchronous motor at rated voltage and
frequency is /6 electrical radians. Neglect the effects of armature resistance
. and leakage reactance and ‘consider that field excitation remains constant. How
: will the torque angle be affected by the following? :

a) Frequency reduced 15%, load torque constant.
» b) Frequency réduced ‘15%, load power constant,
oL c) Applied voltage reduced 10%.
- d) Frequency ond applied-voltage reduced 15% with
load torque constant. =
e) Frequpncy ‘and applied voltage reduced 15% with
load ‘power constant.

J !
.
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CHAPTER IV - D.C. MACHINES - n
4- l A 100 kw, 250 volt d.c. generator has an armature reslskmce of 0,025 ohms,
Armature inductance s 0.01 henrigs. Brush drop i\’ negliglble. Field resistance is
25 ohms, field inductance is 2 henries. The generator lsedriven at & constant speed
of 1200 rpm.. On open, cifcuit, a shunt field current of 5. 0 amperes results in rated
veltage Bt the formimls.' The shunt field hds 1000 tums. .

~a) For }ho stoady ‘state condtlon, fihd oq e)kplkssion for Finld
M current as a function of- load current for constant terminal- volmge : K
"~ of 250 volts 4s load varies from 0 to 150% of rated.
b) A load of R = 0.625 ohms resistance and 0.1 henrys inductance

- is switched .into the armature circuit at t = 0, Find:the terminal °

voltage as a function of time if the spoed and field excitation

remdins constant,

"4-2, Consider the genomtor of problem 4-1 to be connected as a self excited
generator with 25 ohms of extemal resistance connected in series with the field
winding. ‘- With the field circuit open and the generator driven at rated speed

the terminal voltage is 10 volts. TFhis is due to residual magnatism. At t =0, .
the fisld circuit is connecfed across the-armature terminals, —Formulate an..
algorithm for a digital computer which will" find terminol voltage as a funchon

of time. . L !

4-3, An addmona| field curcuﬂ to be cqonnected in series with the armature ‘is to
‘be aided to the machine in problem 4-1, This winding has 4 tums and a
resistance of 0.001 ohms. What resistance should be placed in parallel with
this "series" field in order to provide the amount of current through the series
field which will result in additional exciation such that the terminal voltage is
250 volts at both no load and at rated load? The machine is then "flat
compounded”. What is the terminal voltage at 50% load? At 150% load?

- 4-4, An adjustable speed d.c. shunt motor for a.rolling mill Boé the following
constants and ratings: -

1000 hp. at 750 rpm, 1400 amperes
. 300 hp at 225:rpm, 420 amperes C :
\ 670 volts o v
, armature resistance = 0.02 ohm ' ‘
N armature inductance = 0,0008 h _ _
' Wr2 = 30,000 1b-ft2 (otor and load) | y

dt is desired to study the speed transient after sudden application of fulf
load: torque. Assume that the mofor is initially unloaded, i.e., iqg = 0, and the
torque applied to be independent of speed. Find w(t) for eperation.at both maximum
and minimum speed. What is the difference in the character of the response at the

~ two speeds\'iB ’ . .
LS D .. [ R
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4 5 Ad.c. shunt motor with constuqt field excﬂqtion has its speed conﬁ‘?ﬂled by

a single step of resistance, R )Emnected in series ‘with the armature. Load torque
is aof the form T ™kw and armature. inductance must be considered. At t =0, R

\s\short circuited so that speed increages. .Findw (t) for the general cq:se .and sketch

e form of the yolution if the system is. (werdomped

44, A dic. motor V(Hh constant excltoﬂon, an inort):! load only, ond negliglble

“armature inductance’ is-initially ot rést. - ATt = 0, a “step” voltage' is impressed on

- the armdture. Find the. energy dissipated in the armatore wircuit as heat during the’

. period the motor accelerates to steady state speed. Express your answer in terms of

" 4-9. An automatic starter is to be designed for g 15 hp, 230 volt

stored energy in the rotar. Ndte . that at steady state “speed,.w = V/K. Assume the
motor is running in one direction with rated vottage appliad. The motor is reversed
in direction by applying opposite. polarity armature voltage to the rotor. Calculate
e_r_\ergy expended in the armature resistance under this ;ondhion. This is referred -

. to as "plugging". Compare the two values'‘of energy sxpended and draw a

conclusion about the severity of reversing duty.

4-7. A d.c. series motor operatos at 750 rpm with a line current! of 80 amperes

‘from a@ 230 volt source. Toktal armature circuit resistance is 0.25 ohms,” This
“includes the series field resistance. Because .of nonlinearity of the magnetic circuit,

the flux at a current of 20 amperes is 40% of that resulting from a current of
80 omperes. Whatvs fhe speed at 20 amperes, 230-volts? -

4-8, A d.c. series motor drives -a constant tyrque load (torque requirad is
m:kspehdemr of speed), Neglect armature cigfuit resistance and saturation effects.

' _a) |f the applied voltage is decreased from 100% to 75% of
’ 4 rated, what is the percentage of change in speed? .

" b) Repeot a) except f for a d.c. shunt motor mther ‘than the
series type.

* whose armature circuit resistance is 0.16 ohms. The field circuit resistance fis

3

115 ohms. When delivering rated hp output armature current is 56 amperes.

- When |oc|ded until armature current is 32 amperes, motor speed is 1100 rpm.

_ ]'he motor is connected to a load which requires torque proportional ,to
speed and takes 15 hp at rated speed. The starter is to connect the field circuit

‘across 230 ‘volts but to insert sufficient resistance in series to limit the armature
“current to 125 amperes and when it falls to- 56 amperes some resistance is to be

cut out to_maintain the current always between 125 and 56 amperes during the
starting period. Determine the number of steps. of resistance required ond the

resistance of each of the steps.

I
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_is to be stopped by “dynomlc braking". This is accomplished by instantaneously v

N \ ' . . . . o . N . ‘3

[N "\

4-10. A d.c. shunt _motor driving a constant torque load qt stoady state speed ),

switching the armature terminals from the source to a braking resistor with fleld
excitation maintained constant. The scheme s shown in Figure 4-10, oo D

i

Bm\(mct} Pc:u:»tﬂ‘j

Find an expression fore(t) during braking. Neglect all damping other
than that due. to- power oxpended in rq, R. -

r - T .
4-11, Figure 4-11 illustrates @ "shunted armature" connection used to.obtain a
specific speed torque characteristic in a d.c. shunt motor.” Find an expression -

for the steady sfate spged torque relationship if armature resistance is noglignble. . )
Sketch the relotionshi nd‘icoting |immng values of spood ond torque. - '
» ST
'[ L y
w" ;\«m ‘ o
‘ J : \L A )
s '
© ' oo M- : ' / s
. ‘, . ) \ . BAA. ' . bo- ‘w-‘ / h
N - o . :
N RN \/\/ .
4-12, Figure 4 |2 illustratqs a shunted armature connection for use with a series (
motor. Ropeot 4-11 for the series otor, \

. | . - \
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- 4-13. A d.c.n-urlu motot has the following rating and parametaers:

150 hp, 600 volts, 600 rpm, 206 onpons e o
brush voltage drop = 2 volts s
ormature resistance = 0.04 ohms ,
- armature .inductoance = 0.03 henry . - ‘.
- - . serles fleld. resistgnce =.0,105 ohms- - .
LY e _ " sories- fleld !&'du"cfonco w.0,08 henry .~ o )
. * " elt Is tested by *driving it with another motor at 400 rpm and passing
: 216 amperes (from an external source) through the series field. The resulting
- open circuilt volh':lbc is measured as #00 volts. - - :

a) What is the full load efficiency?
» b) How does this subdivide into copper loss telectrical) and
rqtating loss (mechanical)?
c)  Find the steady state speed torque characteristic.
¥ . d) Repeat (c) if the urlos ﬂold is shunfod \by a 0,105 ohm
resistor. .

. 4-14, By using a computer, determine w(t) if rated torquo is connected and the motor fr?m
4-13 is energjzed wlg\ 150 vaolts for 15 seconds and then full voltage (600 volts) L
is applied. Total Wk = 45000 Ib- &2 o -‘

v
4-15, Bids are requuted for a d c. motor. for a pump drive. The pump specifico-
tions call for a drive spo)d of 850 rpm, 820 gal of water per minute at 85 feet
ead. Pump officioncy is to be 70%.

a). Based on 1 gol of water weighing 8)32 lb dotormino the size
of the motor to be bid. :

‘/ . Two bids are recelyed. 'Tl;e first is for $600 for the motor which has
an efficiéncy of 90%., The secohd is for a motor priced at $500 but with an
efficiency -of 88%. The pump wilMoperata 6 days/week, 14 hours/day. Energy

5 + cost Is $0.03 kw hr, - . : "_\

b) Evaluato the two bids ohd justify the purchose of one or the‘ ofhor.

. 4-16. A 1,700-rpm contrifugol pump, driven by a 50-hp shunt motor, dischqrges ‘

"200 13 of water d minute ogainst a head of 90 ft. . Under these conditions, the.
fo||owing data are tokon '
~ Lo ‘Motor tormlml voltage = 228 .volts . " *
‘Motor field current = 3,25 amperes
R Motor armature currenf = 195 ampsres

) Uﬂmm
. s t ' o

Ve
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Motor terminal voltage = 230 volts

15

Wten the pump is disconnected from the motor, the following data are
_ . . y

\
[

Motor armature current = 10 amperes
‘Motor flo'd‘curront = 3, 57'amp
Motor. spcod = ] 700 rpm

b paa——

-

Motor-ormturo clrculr reslmmco at opomﬂng temperature oxclusive of

brushes ls 0. IOO ohm. Voltage drop at the brushes con ba taken as 2 volts.

What is the officiency of the 6ump».?

4-17, In conﬂnuous rolling mi||i the rolls through which the bar paues during
‘rolling are in tandem with each stand, or roll, driven by a motor. D.C. Motors.
aré used bacause of the ease with: whlch. they can be controlled. The transient
changes of the motor speed under suddenly applied loads s the bar enters one

stand after another may seriously affect the quality of the product.

In- particular,

the impact speed drop which occurs at the maximum of the  transient oscillation s
of major impo tance. For analysis purposes, consider a single motor supplied by
d.c. source. The motor is separately excited and compensated so ‘that armature -

reaction effects are-negligible.
the system in the steady state, a bar enters the stand dt t = 0, causing the load-
torque to be incrqased suddenly from zero to T.: The fo wing numorical values

apply: .

vl

-

5
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With the motor running without external load and

AN W
_ Source voltoge = 390 volts
Armoture circuit mductunce, L = 0.0077 henry, |

- Armature circyit resistance R = 0.035 ohm
Moment of inertia of motor armature and connected rolls,
~ all referred to motor speed, Ju= 42,2 kg-m2 )

. Elactromechanical conversion constant for motor,
., Km =4.23 nowton-m/omp
No-load armature current, lo = 35 amp
Suddenly applied torque, T = 2,040 newton-m

Determine the following quantities:

a) The undompod ongulor frequoncy “of the tronslent speed
oscillattons. ,

b) The damping ratio of the. system.

c) The time constant of the system, in seconds.

d) The initial speed, in rpm.

e) 'The initial occeleroﬁon, in rpm per second

~ f)  The ultimate speed drop, in rpm,

g) The impact speed drop; in ipm.

X
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7 CHAPTER V --CROSS FIELD MACHINES -
R L - - - |
5-1. A 1 Kw.metadyne has the following congtants

contro] fleld resistance rp &= 25 ohms
control fleld Inductance Ly = 5 henry
' “Ld - K = 240
ormo ure olrcuit resistances ry = rg = 4 ohms
= Kq = 120 ,.
i‘oot atmomn clrcuit time comtonts

This unlt wppllu o'.SO bhm resistance load at a voltage of 150 volts.

b o) What is the power lnput tothe’ control field.
b) What is the omplmootlon.
Ay
5-2. Ropoot 5-1 for an amplidyne oonflguroﬂon, i.6., @ compen’:ﬂng wlndlng
is ut!llzod to counteract the demagnetizing effect of the d axis cugrent,

- 5-3. The metadyne of 5-1 has a constant vo]tuge, applied to the field circuit

and the load resistance is varied from 0 to 100 ohms. Plot the ratio of load
voltage to field voltage as a:function of load resistance.. Plot the output power
as a function of load resistance. _ . B

( ' < X
5-4, The metadyne of 5-1 supplies power to a 40 ohm load and is in the steady

state. The fleld voltage is 25 volts. At t = 0 the voltage is increased.by a
step. funcﬂon lncreou up to-50 volts. Find 'the load current as a function of time.

5-5. The cnplldyne configuration of the memdyne is often used to provlde

sxcitation for conventional ac or dc generators. Rather simple circuitry can be
incorporated to include automatic- voltage regulation. Sych a system is shown L\
in Figure 5-1, C L '

100 Xw n:won‘)w\
2570\ K
't‘af,\r_\t\-v.lo\r-

4
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The machine consfants are as follows:

Gonomto‘ré "V, rated = 250 volts ’
- Rag = 0.03125 ohms Kg = yoltage constont = 25 yolts/omp.
'Loo = negligible |
) o 20 ohms ' '

- , | Lfg = ] henry/ ' : (

-

Amplid.yne: - re = 20 ohms "Kq = 30 volts/amp,
o - Lf = 2 henry Kq = 60 volts/amp
. = 4 ohms
q = 4 ohms

The qﬁadmture axis armature time constont is nog|igib|e and Lg << Lgg.

a) Find the value of V_ to yield a steady state value of )
terminal Coltage, V; = {50 volts when tha generatdr is
deliveting rated output.

b) For the value of V in a), whaf is tho no load terminal
voltage?

'c) What is the volluge rogulation with and without the
regulator circuitry? = :

d) What is the damped lar velocity of the oscillations
in V} following a_disturbance? .

e) What is the damping rat{o of the response?

f) What is the time constont f the rosponse?

5-6, In the dorivation of t he equations for cross field mochines it was assumed

that the time constants associated with the D and Q axis were negligible. %
Derive the transfer function. Vq(s)/V(s) if these time constanfs are not noghgibio.
Construct the block diagram for this condition. ‘

¥y

5-7. Assume an amplidyne with the.follov_'ving parameters.

Ty = 0.05 g =4
T =0.333
T? = 0.2 )

e

< Using Routh's criteria, determine the load condiﬁon which results in .
an unstable terminal voltage. Sl ' .

-
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/ CHAPTER VI - SYNCHRONOUS MACHINES - .

= L - v .
6-1. Derive the equivalent of (VI-16) for a two phase machine which has 2 —-
distributed windlngs with magnetic axis dlsplocod " /2 radians and phase currenfs
in quadmtum. ' ¥

642, Draw, to scale, the stoto;\ mmf distributtord for @ two pole, two phase machine
. at the following instants of ﬂme:

a) . When tho current ln phase a is zero
b) When the current in ‘bhozob is zero
c) An warbitrarily choun instant not corrospondlng to a) or b).

N N

6-3. "Dorivq the oquivolent of (Vl-.lﬁ) for a q‘phase machine.

6-4. . This problem is‘concerned with 6no|ysis of a 2-phase synchronous machine
instead®f the 3-phase machine of the text. Consider that the machine is idealized

- and that there are 2 distriboted windings,a and b,on the stator, 1 in each phase,

with magnetic axes 20° apart, The oaHont-pole rotor ‘has ly the main-field |
winding f in the d axis and no winding in the q axis.  (The angle from the -axis’ of
phase a to the d axis is 6. That from the phase b axis to the d axis is & + 270°

~

" or, what amounts to the same thing, 8 - 90°,-

-

- o) Write the flux—llnkago equations in form correspondlng to
equations VI-25 through VI-30., - -
b) Show that the dq tmnsformaﬂon of voriabhs is ryplﬂed by

'd_ cos .6 sin o Toy

q

Also write the relations for iqg and i, in teﬁnl of iy, i iqr and 8.
c) Show that the flux linkages are glven\by

il |-sine* cos © ib s

Af“LlffJ’Lclfql T
. Ny =L t Ly
q 7 td

 Also idenﬂfy the d- and q-axis synchronous inductances Ld and L

in terms of LaaO and L

9- .
d) Show that: Equations.VI-54, -55 ahd —51 dre correct for the

voltages v,  v4 and v, ih this case. _— .

.9

q

o
.y , . ’ :
‘\\e-e ‘ : e
\ . SN
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'o) Show that the instantgneous power input te the 2-:ph(‘o stator is:
‘ T ®yi +v
P8 dd q9

‘®  Show that motor torciuo is given by:

-

L o .. ‘ . = poles - . ' l
N T (gl xqi Jd

6-5. A 2-pole synchronous motor has a 2-phase windihg with negligible resistance on

the rotor. Its stator has salient poles with a field winding on the d axis having the

resistance r¢ and excited by a direct. voltage Vg. There is a short-circuitedwustator
fwinding in the q axis. ~ ' - o

’

. ) ,- At ~
The motor is running in the steady state with balanced 2-phase Voltages
given by: ) | - ' :

o
/

\/°—=-Vmsin wt and vb=—Vmcos wt .

_ ‘appliedl to the rotor wir‘dings. The angle from the d axis to-the magnetic axis of
_rotor _phase a is: _, . C '

e . 0 =t + 3§
_ » \

L .

That between the phase b axis and the d axis is 90° greater than this.
v : ‘

a. Show that the d- and g“axis rotor currents into the motor are’
given by

-wlgle + Vm cos§ - ‘_ V sin

- g = ’ 5 and it =1
e ‘- d m Ld ‘ ) q W Lq N
. ‘ . . N - E
},ﬁ b. Show that the motor torque is given by .
LeVEV,, _Vm Ly ~ ~Lq)\ |
i sin § - - sin 26
La'e - 24 1,L .
o / N q
_c. Show that the .ghase c& rotor circuit is
N - v o ‘ ! ‘ 7
ig =ig cas 6 + i_ sin -
/ ’ 3\ AR Y
coow 22 .
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6-6. A 2-pole synchronous machine with a uniform air gap has a ‘Y-connected 3-phase
s stator winding. The stator windings have a synchronous inductance of 0.01 henry -per
phaso and negligible resisfance. The rotor winding has an inductance of 20 henrys
‘and a resistance of 10 ohms. It is connected to a d-t voltage Source of 100 volts.
The mutual indudtance between the rotor and a sr@r phase when thetr magnetic axes
. are aligned. is 0.4 henry. N ‘

Theé - machine is operating as a generafor under steady-state conditions delivqf}ﬁg
power to a balanced 3-phase system at 1.0 power factor and 400 radians/sec angular
frequency. " The terminal voltage of each ghase is 2300 olts rms. What is Yhe elettrical

‘power output of the generator in kilowatts

to a 3-phase cylindrftol-rotor—synchronr
generator. The d-c motor Is connected to a 230-volt constant-potential d-c supply, and i
the a-c gengratgr is connected to a 230-volt (line to line) constant-potential constant-
frequency 3-phase supply. The 4-pole Y-connected synchronous machine 'is rated 50 kva,

7 230 ,volts, ande has a synchronous reactance of 3.0 ohms per phase. The 4-pole d-c
machine is rated 50 kw, 230 vol'ts. All losses are to be neglected. :

6-7. A d-c shunt motor is mechanieally coupl

*a. |f the two machmeg act as a motor-generafor sef receivirig power. )
from the d-c mains and delivering power to the a-c circuit, w hat is
the excitation voltage of the a-c machine jn volts per phase (lme to

neutral) when it deHvers rated kva at 1.00 power factor?

b. Leaving the field current of the a-c mochine as in part a, what

adjustment can be made to reduce the power transfer (between a-c and

d-c) to zero? Under this condition of zero power transfer what is the

"armature current of the d-c machine? What is the armature current of the (
a-c machine? - )
c. Leaving the field current of the a-c machine as in parts a and b,

what adjustment can be made to cause 50 kw to be taken from the a-c

circuit and .delivered to the d-c circuit? Under these conditions, what

is the armature current of the d~c machine?  What dre the magnitude

and phase of the current of the a-c machine? '

6-8. A synchronous generator is connected to an infinte bus through two parallel

3-phase transmission circuits each having a reactance of 1.2 per unit including

step-up and step-down transformers at each end. The synchronous reactance of the

gensrator (which may be handled on a cylindrlcal-rotor basis) is 1.8 per unit. All _
resistances are negligible, and reactances are expressed on the generator rating as N
a base. The infinite~bus voltage is 1.00 per unit. |

A

-

"The power oufput and excitation of the generator are adjusted so
thot it delivers rated current at 1.0 power factor at its terminals in the -' .
steady state, - Compute the generator terminal and exeitation voltages, the .
power output, and the reactance power delivered to the infinite bus.

3
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b. The fhro"lq of the prime mover is now odlustod so that there is
no power transfer between the generator and the infinite bus. The field
current of the generator is adjusted until 0.50-per-unit lagging reactance
kva is delivered to the infinite bus. Under these’ conditions, compute the
* terminal -and oxc"oﬂori véltages oF the gonorqtor.

c. The system is then- roturmd to tho operating condihons of part a.. One
of the twe parallél transmission circuits is disconnected by fyipping the '
circuit breakers at its ends. The generator excitation is kept constant.

Will the generator remain in synchronism? After comparing the desired power
transfer with the maximum under these conditions, give an opirffon regarding

: the adequacy of the transmission system.

6~9. A 2000 hp, 2,300-volt Y-connected 3-phase 60-cps 20-pole synchronous motor
has a synchronous reactance of 8.0 ohms per phase. In this problem cylindrical-rotor
theory may be used. All losses may be neglected. : * '
-~
a. This motor is operated from an infinite bus supplying rated voltage at
rated. frequency, and its field excitation is od]usted so that the power factor
is unity when the shaft load is such as to require an input of 1500 kw. -
the shaft load is slowly increased, with the field excitation held consiont,
determine the maximum torque (in pound-feet) that the motor can deliver.

b. Instead of an infinite bus, assume that the power supply is a 2500 kvu,
2,300-volt, Y-connected synchronous generator whose synchronous reactance is .
IO 0 ohns per phase. The frequency is held constant by a governor, and the
field excitdtions of motor and generator are held constant at the values
which result in rated terminal voltage when the motor absorbs 1500 kw at
_unity’ power factor. I the shaft load on the synchronous motor s slowly
~ increased, determine the maximum torque (in pound-feet). Also determine
“the armature cument, terminal voltage, and power factor at the terminals
corresponding to thﬁ maximum load. ‘ :

c. Determine the maximum motor torque if, instead of remaining constant

as in part b, the field currents of the generator and motor are siowly _ .
ifcreased so as always to maintain rated terminal voltofand unity power

Foctor while the shaft load is increased. -
. 6~10, What per cent of its -rated output will a salient-pole synchronous motor deliver .
without loss: of synchroriism when the applied voltage is normal and the field excitation
is *zero, if x4 = 0.80 per unit and x_ = 0,50 per unit? Compute the per-unit armature
current at maximum power., a :

6-11, A salient-pole synchronous motor has xd = 0,80 and = 0.50 per unit. It -

" is running from an infinite bus of V; = 1,00 per unit. Neglect all losses. What is
the minimum per-unit excitation for which the mochim will stay in synchronism withy
full-load torque? '

[N




6-12. Dr_oy; the block diagram for a generator connected to' a zero-power-factor
lagging tead. Consitler for these purposes that the Idad may be representad by a
constant reactance xq . (This may approximate the starting of a large motor, for

example).

6-13. A sydgchronous generator is supplying power to a large system with its_field
* current adjusted so'that the armature current lags the termina| voltage.. Armature .
resistance and leakage reactance may be neglected. - : | N

The field. carrent is now increased 10 per cent without changing the driving
torque of the prime mover. Qualitatively, what changes occur in power output, in ,
magnitude and phase of the armature current, and in magnitude of the torque angle
6§ ? Explain by means of a phasor diagrams representing fhe flux and m}ﬁf waves. _

If, instedd of changing the field current, the driving torque of the prime
mover is increased 10 per ce}, what changes will occur? ' \

y  6-14, A"synchronqus~ motor/is opemting at half load. An increase in its field
excitation causes a decrease in drmature current, Before the increase, was the

motor delivering or absorbing lagging reactive kva?"
. _ e

6-15. The full-load torque angle 8 of a synchronous motor at rated voltage and -

frequency is 30 electrical degrees. Neglect the effects of armqture resistance and

leakage reactance. If the field current is constant, how would the torque angle be . %
affected by the following changes in operating conditions? n

4, 14

a. Frequency reduced |0 per cent, load powér constant

b. Frequency reduced 10 per cent, load torque constant ,

c. Both frequency and applied voltage reduced 10 per cent, load power constant

d. Both frequency and applied voltage reduced 10 per cent, load torque constant

. 3 / :

6-16. Two small altemators of equal kva rating have per-unit synchronous reactances of
0.6 and 0.8, respectively, on the, alternator fating as a base. They are rigidly coupled
to the same prime mover and supply power in parallel to a line at rated voltage and
frequency. Ignore saturation.

a.” The coupling between the machines is such that their no-load .
terminal voltages are in phase. What is the greatest power that can be
delivered to the line without exceeding the current rating of either
machine? ‘ ‘ '

b. - The couplirg is now readjusted 4 that the machines can jointly
deliver a per-unit power of 2.0 without ovetload. What is the phase
angle between their open-circuit terminal voltages? o

c. With constant excitation voltages and a govemor having no speed-droop,
. what per-unit current will circulate between the two alternators after dropping

the load th (b)? Whjch machine will act as a motor?

*
<

v
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6-17. From the phcn'or diagram of an o_varexcith synchronous motor, show that

q .% V', s‘n § -~ 'ara ‘in (¢ +6) . - )
Xq 1| cos p +6) |

From this relation, the saturated value of x, can be measured under actual load conditions,
by measuring Vi, lg, power, and . The torque angle & can be measured with a stroboscope.

I ' ‘1

6-18. From the phasor diagram of an overexcited synchronous motor, show that
. . ) . s .\.I ’ ) \ v *
Lre _ |axq cos 6 + lyfq sin ©
tan 8 =G T X sine - 1 v cas 0
ot aq aa

LS
- -

' 6-19. Derive n expression for the reactive power Q delivered to the infinite bus, in
. ‘terms of the excitation voltage V¢, the bus voltage V', the reactancey Xy and Xq,
and the engle 6. WNeglect resistances, and:consider that lagging reactive power
delivered to the bus is positive. : S

6-20. From the phasor diagram of a synchronous machine with constdnt synchronous
‘reactance xg operating at constant terminal voltage Vi and constant excitation voltage §
Ef, show that the locus of the 'tip of the armature-current phasor is a circle. On a

- phasor diagram with terminal voltage chosen as the reference phasor indicate the position

of the center of this circle and its radius. Express the coordinates of the:center and

Jhe radius of the circle in terms of Vi, E¢, and Xg » ‘

6-21. éstimcting-p'rices for a 200-hp, 1,200-rpm synchroﬁous _motor and control are
as follows, ;shaft-driven exciter included: : '
1.0-power-factor motor, $7,500 .
0.8-power-factor lead motor, $8,400 ,

¢

Estimated full-load losses are 15 kw for the 1.0-power-factor motor and 16 kw for the
other. A proposed application calls for operation at full load for 3,000 hr per year,
the motor being shut down the remainder of the time. The incremental power cost is
1.0 cent per kilowatthour, ard the total investment charges' are 19 per cent per year.

What -is the annual cost per reactive kva of the power-factor correction provided
by the 0.8 power-factor motor? .

See

6-22. A synchronous motor has a per-unit synéhrOnoGs reactance (whici\ may be con-

sidered constant) of 0,80. It is operating at rated voltage with an excitation voltgge :
_ 1.3 times the terminal voltage. " The armature power input is 0.50 per unit. o )

n a.~ Determine the power angle, per unit current, and power factor
' of the motor, ‘

% .
b. For the same power input and terminal voltage, what is another value
of excitation which yields the same armature current?

[ ~ L
~ 3
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c. OF the excitations i (a) and (b),which -gives the higher efficiency
- of 0,5 per unit power input? Which gives the higher efficiency ot 1.0
- power input? Which gives the greater margin of stability ? ~ Which is -
| more likely to be used in a practical situation? Give reasons for all

- © onswers, . -
6-23. A 3-ph§se synchronous generator is rated 12,000 kva, 13,800 volts, 0.80 power
factor, 60 cps. What should be its kva and voltqge rating at 0.80 power factor and
50 cps if the field and armature copper losses are to be the ‘same as at 60 cps? If its
voltage -regulation at rated load and 60 cps is 18 per cent, what will be the value
of the voltage regulation at its rated load for 50-cps operation? The effect of
armature-resistance voltage drop on regulation may be neglected. ‘

-

P
-

6-24, A 300-hp 0.8-power-factor 2,300-volt 76 amp, 60-cps ,3-phase synchronous
motor has a dire€t-connected exciter to supply its field current. For the purposes of

. this problem, the efficiency of the exciter may be assumed constant at a value of

. 80 per cent. The synchronous motor is run at no load from a 2,300-volt 60-cps

N circuit, with its field current supplied by its exciter, and the follow ng readings taken:

Armature voltage between terminals = 2,300 volts
Armature current = 76.0 amp per terminal
: Three-phase power ipput = 27.5 kw
, - Field current = 30.0 amp °~ _ v
N Voltage applied to field from armature terminals of the exciter = 300 volts .

“ R 4
_ When the synchronous motor is loaded so that its input is 76 amp at 0.80 power
_ ‘ factor and 2,300 volts between terminals, its field current is found to be 25 amp.

\ Under these. conditions, what is the efficiency of the synchronous motor exclusive to
_the losses in its exciter? What is the useful mechanical power output in horsepoyer?

6-25. A laboratory alternator is rated at 45 kva, 230 volts, 60 cps; 1,200 rpm,
3 phases and 0.80 power factor lagging and has the following open-circuit characteristic: .

s
\ p : P

180 220 260 300 340
6.0 7.7 10.0 13.6 20.8

) Line-to-line voltage, volts
& Field current, amp

o0

The stator offective resistance is 0,027 ohm per phase, and the synchronous
reacténce, adjusted for the approximate degree of saturation present under rated con-
ditions, is 0.60 ohm per phase (both values for a Y, connection).

. a. What field current is required for operation under rated conditions?
‘b, To what value will the terminal voltage change if the load is thrown
off while the field current remains constant at the value in part a? ‘

“ - .

5
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6-28. A 50-hp 230-volt 60-cps, 1,200-rpm 3;pﬁose B80-percent-power—factor synchronous

“motor has the open-circuit characteristic given in ‘Problem 6~25." The synchronous reactarice

" approximately- adjusted for saturStion can be taken as 0.60. ohm per phase (Y-connected).

tfe d axis is (mt +q),‘.'“

Rotational losses are 1,750 watts, Stator resistance is small compared.with synchronous
reactance, so that its effects can be ignored for present purposes.: /
a. What field current is required. for operation under mmopiato cgondiﬂbm? -
¢ , ' « o
b. At what power factor will the motor operate if the shaft output is halved
while the field current remains constont at the valye in part a? Consider the
rotational losses to remain constant, © '

The stator effective resistance of the motor is 0,027 ohm per phase (Y-connected) and
the field resistance is 5.0  ohms. Find the motor efficiency under (&) ‘rated conditions ;
and (d) half load. . S ‘ )
6-27. Consider a salient pole synchronous motor with reactances X4 and X  per unit,
Assume the armature resistance is negligible. Derive. the general equations Tor caleulating
the "V" curves. Write a computer program for this calculation. Calculate and plot the
"V" curves for a machine where Xq = 0.8, X4 = 0.6 for connected shaft power o&
P=0, 0.5, 1.0, 1.25 per unit,

’ . _ |
6-28. Assume a cylindrical rotor. synchronous generator connected to an infinitely
large system and that the; gemerator is supplying real power into the large system.
Discuss, using phasor diagrams, the relationship between reactive power flow and *
excitation voltage. '

*

6-29. An idealized 2-pole 3-phase 'yr'\chronous machine

is being driven at.synchronous speed so that the angle from the axis of phase a to

R

a. The armateue terminals are open-circuited, and the field is excited

by a step-functioh voltage V. Find the expressions for the lnéhntﬂ:\oous o
voltages of the armature phases and their d and q components. :
' | di dA
d -

b. Repeat cLz).. if the transformer voltages, -a-;- and 373, are neglected.

¢. Now consider that the field circuit is closed and unexcited

(vg = 0}, the initial field and armature currents are zero, and vy = 0.
Neglect all resistances. At t = 0, a step-fungtion voltage vq(t) of
magnitude Vg is applied to the armature terminals. Find eéxpressions
for the armature currents iy and ig and the field current ig. Introduce
the transient inductance L) where. appropriate. ' ‘

6-30. A 3-phase turbine~generator is rated 13.8 kv (line to line), 110,000 kva.
Its constants, with reactances expressed in pér unit on the machine ratihg as a base,

N

xg = 1,10 x§ =0.20 Ty =1.0 sec
8
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It s operating unloaded at a terminal voltage .of 1.00 per unit when a 3-phase short

circuit occurs at its terminals,
d-c component in the short-clrcu" current,

ond in amperes.

a.: What Is rho rms stoady-stuto short-circuit cur‘reﬁt?

b. Write the numerical equation “for the instantaneous: phase a current

‘as a function \of time. Consider the fault to occur when 90 = 90°,

Because of the neglact of the d-c component, this isthe symmetrical
short=circuit corrent. '

c. Write the numerical oquaﬂon for the envelbpe—of the short-cirmm‘
current wave as a function of time.

d. Using the quulh of part ‘¢, write the numerical equatich showing
how the rms value of short-circuit current varies with time. "qn

e. What value is givbn by the expression in(d) at t = 0? This is
kriown as the  initial symmetrical fms short-circuit current. -

f. In part b, suppose the fault occurs when the magnitude of 6, is

other than 909, The value of i, ot t = 0 would then be nonzero.
But since the phase a winding is a resistance-inductgnce- circuit, the
complete phase a current cannot change instantaneously from zero,

Hence a d-c component must be present in ig to reconcile the situatjon,

This component dies away rapidly. Give the maximum possible initial
m::gnitude of the d-c component, ‘

Ignore the second harmonic, and, except in part f, the
Express numerical answers both in per unit’

6-31. A proposed scheme for regulafing the output voltage of a 5000-kva altemator
below. In addition to the alternator, the system includes a d-c exciter
whose field excitation is obtained from the output of an amplifier. The input to the
amplifier is the difference between the set vglue of voltage Vi and the actual
output voltage V,. The resistance and inductance of the exciter-field circuit
(including the output impedance of the amplifier) are ry and Ly. The generated
voltage of the exciter is ky volts/amp in its field circuit. The.resistance and
inductance of the alternator-fleld circuit (including the exciter armature) are

is shown

r2 and L,.
the linear rectifier required to change f

" The alternator voltage is k, volts/amp in its field. For simplicity,
%\e alternating voltage V, to a direct

voltage for comparison with V; may be assumed to produce 1.0 volt d-c output’

per volt

_a=c input,

J

To examine the stability of the system, consider the altemator and-exciter
are rotating at rated speed but that initially their fields are ungzccited and V; = 0,
The alternator is unloaded.

/
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a. Show that the response of the system to a suddenly impressed value _,_)/7
of V; is characterized by the differential equation .o
< 2 . |
d !I d :
"y + () +“"7‘2) "ﬁ+ (1 + KV = KV; ’

d',2 < .

dt

Iden'ﬂfy the time constantsT, and Y5 and the static sensitivity K jn terms of the system
constants. " ' '

b. For a particular oltomotz and its excitation system, ¥j = 0.4 sec,
and T, = 1.0 sec.

The system is to regulate -within 0.5 per cent; i.e., the steady-~state error in \}, is not
to exceed 0.5 per cent of the set value V,. Determine the damping constant } , the
_.undamped naturel angular<frequency qn, and sketch the curve of the. response "Ni

as a function of time. */ &
. ;

6-32. Derive an expression for the instantaneous electromagnetic torque as a functign
of time after the occurrence of a 3-phase short circuit at the terminals of an unloaded
machine. Express the result in terms of the initial field current izy and machine
constants such as L"j and Lq.

. 6-33., Reciprocating loads such as cqmpressors require a torque which fluctuates
periodically about a steady average value. For a 2-cycle unit, the torque harmonics

i .
-

. -have frequencies in cycles per second which are multiples of the speed in' revolutions

v . - o
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“per second. When, as is commonly the case, the compressors are driven by, synchronous
motors, the forque harmonics cause periodic fluctuation of the torque onglos and may
result In undesirably high pulsations of power and current to the motor, It is therefére -
essential that, for the significant harmoniced, the ejectrodynamic response of the motor
to be held to'a minimum, - S : ot

a, To lnvosﬂgoto'tho response of the m_otorx to torq'u‘o harmonics, use
a linearized analysis similar to that yiel‘aing equation VI-424, Let e

IO

T =T, +8T) dinwt + ... AT, sin Gn

~ b. Show the relaﬂc;nship batween amplitude of oscillgtions of S .ond
the machine parameters, '

c. As{umo a motor rated as follows:
200 hp, 2300 volt, 3 phase 60 cps 28 pole

\'gk2 = 10500 |b-ft2 (motor and load) |
ynchronizing power. = 11,0 kw/electrical radians

. Damping torque = 1770 Ib-ff/mechanical radian per sec.
connected to a compressor load. The fundamental frequency torque’
oscillation amplitude is 580 Ib-ft and at an angular velocity of
27.0 radians per sec.

d. Find the maximum deviation o;S .

6. What is the pulsation of sy‘pchronous power flow. t’

1)

" 1f a flywheel of wk2 = 18000 lb-ft is added to the shaft, how does it affect-
the maximum deviation of$ ? :

6-34, The ideal conditions for synchronizing an alternator with an electric power system
ar that the alternator voltage be the same.as thdt of the system.bus in magnitude, phase,
and frequency. Departure from these conditions results in undesirable current and power
surges accompanying electromechanical oscillation of the altemator rotor. As long as the
oscillations are not too violent, they may be investigated by a linearized analysis.

Consider that a 2, 500-kw 0.80-power.-foctor' 25-cps 26-pole oil-engine-driven
alternator is to be synchronized with a 25-cps system large enough to be considered an
infinite bus. The WkZ of the altemator, engine, and associated flywheel 18,750,000
Ib-f12, The damping-power coefficient Cq is 3,600 watts per el ctrical degree per
second, and the synchronizing-power coefficient C; is 1.21 x 10° watts per electrical
degree. Both C and C;.may be assumed to remain constant. In_all cases beloy, e
« terminal voltage is adjusted to its correct magnitude. The engine governor is s?{ﬂciontly

insensitive so. that it does not act during the synchronizing period. ‘

|
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a. Consider that the altemator is initially adjusted to the correct speed but

that it is synchronized out of phase by 20 elegctrical dogre:l, with the alternator
leading the bus. Obtain a numerical expression for the enduing electromechanical
“oscillations. Also give the largest value of. torque exerted on the rotor during
the synchronizing period. _lgnore losses, and express this terque as a percentage
of that corresponding to the nameplate rating. “

b. Rep}aot @) with the altemator synchronized at the proper -angle but with
its speed iditlally adjusted 1.0 cps fast.

c. Re;mot (a) with the alternator initially leading the bus by 20 electrical
, degrees and its speed initially adjusted 1.0 cps fast.
6-35. A 80-cps synchronous altemator is driven by a four-cycle diesel engine. Owing:
to a misfire of one cylinder, a torque pulsation is produced every two revolutions of the
machine. The pertinent data follow: X ' ’
Alternatqr: 6,600 volts, 1,500 kva, 0.8 pf, 28 pc;les, 257 wpm; ~
angle § at full load = 30° '

Mechanical system: Weight%,OOO kg; radius of gyration 0.95 m
> Would you o}\ﬁcipate troublesome resonance effects?

' 6-36. “In an industrial plant, load in the form of an air compressor is to be added.
The compressor drive motor will be 500 hp, .3 phase, 460 volts, 60 cps. The average
load prior to installation is 3650 kw at 70 per cent power factor lag. . Because of the
rate structure applicable to the plant it is necessary to raise the power factor-to 90 per
cent lagging. . ' ‘ e

The motor drive can be either induction or synchronous and an economic
evalvation of the use of induction, unity power factor or 0.8 péwer factor leading
synchronous motors will be made. If the induction motor is used, static capacities
will be necessary. It may be necessary to use them with the synchrmous motors.

-

Cost of induction motor including control $ 6,700
Cost of unity pf synchronous motor, including control
and exciter $.10,400

Cost of 80 per cent leading power factor synchronous '

. v motor, including control and exciter $10,800
Power factor of induction motor . , 89% lag
Full load efficiency of all motors | 90%
Cost of 460 volt capacitors , $13/kva ¢
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AN prlca are fob Fclctory w!th fn!ght allowed. Installation costs are 9%

--of the deliveréd price of the Induction motor, 12% of the price of. tho synchronous

motor and $860 pOr kva for the capoclton.

Consldorlng that all oqulpmonf has the same useful Ilfo, which motor. Is

. the recommended buy? * . ¢ "
' - ' . ) - . A < )
‘ \ ) v . ) e :
n : ' o~
' ¢ *
t .,
\ . o
b - .
~
I -
v ¢
4
W
, '
< - ‘1‘;‘“
&
- e
Ayl
A >
A
€ ~ .
~
- 7 N



-3

CHAPTER VIl = POLYPHASE ASYNCHRONOUS MACHINES

7-1. The stator of a J0 pole, 3 phase squirrel cage induction motor is connected to a
balanced 60 hz supply. For each of the following conditions ~ 1) at the instant of
starting, 2) when rotor mechanical speed is 75% of synchronous speed and 3) at a slip

of 0.04 find the following speeds .in rpm:

a) speed of the stator field with respect to @ stationary reference

b). speed of the stator field with respect to the rotor

c) speed of the rotor fiel d with raspect to a stationary reference

d) speed of the rotor field Wwith respect to the stator field

e) speed of the rotor*field with respect to the rotor

4

7-2. A two phase induction motor runs at very neorly 1000 rpm at no load and at
950 rpm at full load when energized ‘from a 50 hz supply. -

a) how many poles has the motor? L

b) what is the slip at full load?

"¢) what is the frequency of the rotor currents?

d) what is the speed of the rotor field with respect to the rotor?
e) repeat the above for a slip of 8%. °

7-3. A frequency-changer set is ta be designed for supplying variable-frequency power to
induction motors driving the propellors on scale-model airplanes far wind-tunnel testing.
The frequency changer is o wound-rotor induction machine driven Ly a d-c motor whose
speed can be controlled. The 3-phase stator winding of the induction machire is excited
from a 60. hz source, and variable-frequency 3-phase power is taken from its rotor winding.
The set must meet the following specificagbons:

Output frequency range = 120 fo 450 hz, .
Maximum speed not to exceed 3,000 rpm . @
Maximum power output =.100 kw at 0.25 power factor

The power required by the induction-motor load drops off rapidly with decreas)ng frequency,
so that the maximum-speed condition determines the sizes of the machine
]

On the basis of negligible exciting current losses, and voltage drops in the
_induction mochme, find: ‘ '
al The minimum number of poles for the induction machine
b. The corresponding maximum and minimum speeds
c. The kva rating of the stator winding of the induction machine
d. The horsepower rating ofﬁ d-c machine '

34
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7-4, Electr!cul power is to be supplied to a 3-phose 25 hz system from a 3-phase
60 hz system through a motor-generator set consisting of two directly coupled synchronous

machines.,

¢

7-5. In Europe, where 50 hz systems are universally used
use power at 16 2/3 hz, obtained from an inductiort type frequency converter.

Q.'O oo

What is the minimum number of poles which the motor .may have?

32

What is the minimum number of poles which the generator may have?

At what speed in rpm will the set specified in (a) and (b) operate?

Can you suggest a more reasonable combination (from the standpoint of..
number -of poles) which might be pOss:ble if a geor ratio between generator
and motor is used?

why this porticular combination is advantageous,

7-6. ‘An Electropult, (See Westinghouse Engr., September 1946, p. 161), based on the

\

the electrified’ milwclys_
Discuss

indu¢tion-mator principle may be used for |aunohing heavily |ooded airplanes from short

runways, It consists of a launching car ridmg on a long track.

N

N

P I
»
x

The track is a developed

squirrel-cage winding, and the launching car, which is 12 ft tong, 31/2 ft wide, and only

5 1/2 in. high, has a‘ developed 3-phase 8-pole winding.

The center-line distcn ce

between adjacent poles is 12/8 1 1/2 ft. Power at 60 hz is fed to the car from -

arms 'extending through slots to rails below ground level.

and can launch an airplane in as little as 4 sec over a 340-ft yun.

an oo

7-7. The stator of an unloaded 3-phase 6-pole wound-rotor induction motor is connected

What is the synchronous speed in miles per hour?

Will the car reach this speed? Explain your answer.

_To what slip frequency does a car speed of 75 mph correspond ?
"The resistance of the bars in the squirrel-cage track winding

diminish from a maximum at the start of the runway to a minimum:

where the airplane leaves the runway. Explain the purpose and
the effect of this construction.

As soon as the airplane is launched, direct current is opphed to the

3-phase wmdmg Explain what the effect of this would be.

to a 60 hz source; the rotor is connected to a 25 hz source.

a.
b.

\

Is a starting torque produced?

At what speed will steady-state motor action result? (there

are two possible answers).

What determiney at which of the two speeds in (b) the rotor
will operate irZa specific case? -

Suppose now that the rotor supply frequency is varied over the
range O to 25 hz. Sketch turves showing motor speed in rpm as
a function of rotor frequency, interpreting zero frequency as
direct current,

.. What changes are made in the foregoing answers if the motor is

fully loaded instead of unloaded?

35

The car develops 10,000 hp.
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7-8. This préblom is concerned with analysis of a.2-phase induction maehine instead * ° -
of the 3-phase machine. Synchronously rotating dq axes are still used. There are, -

 however, 2 distribyted windings @ and b.on the stator, 1 In each phase, with the

magnetic ‘axis of phase b 90° ahead of the phase a axis in the direction of rotation.
There are also 2 corresponding windings A and B on the rotor, also with axes 90°
apart. At any. instémt of time, the axls of a rotor phase is displaced by the angle )
6o from the oxis of the correspondingly lettered stator phase. ‘_ .
| a. Write fho_ phase~linkage squations corresponding to, (Vl‘|-31) to
(VI1-36). | T ) ‘ |
b. Show that the appropriate dq transformation of vatiables is typified
by the following: " ‘ ‘

"f'Sfath:
;ld = ‘a coswt + ib'sin wt '
o

Iq - |° sin® wt + ib cos ot

Rotor:
‘2d = iA cos. 8‘ +_ ‘B sin 08

i2qf-'— iA sines+ iy co's&'s

Also, write the reverse equations for phase variables in terms of dq vaoriables,

c. Show that the dq linkage relations are still given by (VII-44)
through* (VII1-47) . . : . ‘
\ d. . Show that the ‘component voltage relations of (V1I-40) through

(VI1-43) are correct. ,
e. Show that the instantaneous power input to the 2-phase stator is

T
P1 " V1d'1d 7 19'1q
f. Show that the motor torque is given by

yles
T = 2% o=t
2 .Q\zq 2d " 2d 2q)

7-9. Equations (VIIZ®0) through (VI1-47) constitute the basic electrical reldtions/ in dq

variables for an induction machine with no zero-sequence currents, On the basis of

these eqmtié\s, set up a block diagram to represent the electrical performance oft he

machine, The vaoltages vy, and v are signdls to be feceived from the stator supply
&ocity ;’eq = s, is either constant or a signel to be received

from a representation of the mechanics of the machine and the equipment coupled to

i shaft. Constraints are placed on the rotor component voltages and currents, not only

by the machine, but also by the circuitry or equipment connected to the rotor terminals,

< .
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7-10. Modify the block dlogrom of .Prob.. 7-9 so that it roprounh the squirrel cage
configuration (with a short-circuited rotor windlng)
P
7-11. A 100 ~hp 3-phoso Y-connected 440-volt 60 hz é-pole squirrel-cage induc‘ﬁon
motor has the following equivalent-circuit constorts in ohms per phase referred to fhe '
stator: : Co
\ \-- :
ry = 0.085 ry = 9.067 ~

= 0,196  ° x, = 0.161

= 6.65

Xy
12

No~load rotational loss = 2.7 kw, Stray load loss = 0.5 kw. The rotational and stray
load losses may be considered constant, :

%

a, Computo the horsepowor output, stator current power -focto;',
and efficiency at rated voltage and frequency for a slip of

- 3.00 per cent,
b. Compute the starting current and the intornal starting torque
_in pound-feet at rated voltage and frequency

7-12, A 50-hp 60 hz, 6~polé induction motar runs at a slip of 3.0 per cent
at full load. Rotational and stray load losses at full load are 4.0 per cent
of the output pownr. Compufe

3

e

4. The rotor copper loss at full |ood
\ " b. The electromagnetic torque at full load, in newton-meters
c. The power delivered by the stator to the air gap at full load

7-13. A 100-hp 230-volt 3-phase Y-connected 60 hz 4-pole squirrel-cage induction

motor develops full-load intemnal torque at a slip of 0.04 when operated at rated
voltage and frequency. For the purposes of this problem rofational and core losses
can be neglected. Impedance data on the motor are as follows:

Stator resistance ry = 0.036 ohm per phase
Leakage reactance x; = xo = 0.047 ohm per phase
Magnetizing reactance x;p = 15.5 ohms per phase .
Determine the maximum internal torque at rated voltage and frequency, the slip at
maximum torque, and the intemal starting torque at rated voltage and frequency.
Express the torques in newton- me ters. ) '

7-14, A 3-phase’ induction motor, at rated voltage and frequency, has a starting torque
of 180 per cent and & maximum torque of 250 per cent of full-load torque. Neglect
stator resistance and rotational losses, ard assume constant rotor resistance. Determine:

a. The slip at full load | Ty
b, The slip at maximum torque :

c. The rotor current at starting, in per unit of full load™rotor current
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7-15. A 100- hp 6—po|o 60 hz high-starting-torque 3-phdso induction motor produces
rated horsepower at rated voltage and frequency with 10 per cent slip. This motor
can dovolop 300 per cent pull-out torque based on rated full-load torque.

.The motor is used to driye a load requiring a torque directly proporhonol to
speed; at 2,000 rpm, the load forque is 700 Ib-ft, Cors ider the torque-speed curve of
the vJotor o straight line between O and 15 per cent slip.

a. Sketch the motor and load torque-speed chavacteristics to
approximate scale.

b. At what $peed will the md or drive this load? Appliod voltage
is rated valve. -

c. While the motor is driving t he same load, the voltage appligd

- to the motor is raised 10 per cent. Show whether or not the

metor will be loaded beyond its horsepower rating.

d. The rotor is replaced by one having twice the resistance per phase
but identical in all other respects with the bld one. What will ‘
be the motor speed with rated voltage applied to the motor?

7-16. When operated at. roted voltage and frequency, a 3-phase squirrel-cage
induction motor (of the design classification known as a high-slip motor) delivers full
load at a slip of 10 per cent and develops a maximum torque of 300 per cent of full-
load torque at a slip of 60 per cent. Neglect core and rotational losses, and assume
that the resistances and inductances of the motor are constant.

. Determine the torque and rotor current at starting with rated voltage and
frequency. Express the torque and rotor current in per uni t based on their full-load
values, / N

7-17. A polyphase induction motor has negligible rator rotational losses and is driving
a pure-inertia load. The moment of inertia of the rotor plus load is J mks units.

a. Obtain an expression for the rotor energy loss during starting.

Express the result in terms of J and thvsynchronous angular velocity *

b. dbtam an expression for the rotor energy loss associated with reversal
from full speed forward by reversing the phase sequence of the voltage
supply (a process known as plugging). Express the results in terms of
J andw,_ . .

c. State and discuss the degree of dependence of the results in (a) and
(b) on the current-limiting scheme which may be used during starting
and reversal. (Neglect rotational and stray load losses andconsider
that acceleration is slow enough to permit opphcaﬁon of .steady state

theory) )

7-18. A 4-pole MO-Vo|t~400-hp 3-phase 60 hz Y-connected wound-rotor induction
motor has the following constants in ohms per phase referred to the stator: x.=x,=0. 055
x = 2,23, rs 0.0054, rp = 0.0071. The motor is supplied at normol‘torm}no?

voltage through a series reactance of 0.03 ohm per phase representing a step-down .

38
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transformer bank. 1t is fully loaded, the slip rings aw ~circvited, and the efficiency
" and power factor are 90 5 and 90.0 per cent, rﬂpoc oly.

A 3-phase short circuit occurs at the .hlgh-tomlon termlnols of the, transformer
bank . Detormme the initial symmetriccﬂ short-circuit current in the motor, and show how
it is decromonrod

. 7- l9 Tho following test data apply fto 50-hp, 2,300-volt 60-hz 3-phage sc.wlrrel-cage
induction meotor: ' : ‘

No-~load Test at Rated Voltage ahd Frequency:. v 4

. Line current = 4.1 amp
3-phase power = 1,550 watts

Blocked-rotor Te.".rat 15 hz

" Line voltage = 268 volts -
Line current = 25.0 amp L
3-phase power = 9,600 watts P .
Stator resistance between lina terminals = 5.80 ohms
Stray load loss = 420 watts
© Compute the stator current and power factor, horsepower -gutput, and .
efflciency when this motor is operating at rated voltage and frequency with a slip of 0.04.

7-20. A'50000 hp, 50 hz, 22 pole wound-rotor induction motor is used to drive 'a wind-
tunnel fan. The power required to drive the fan varfes ds the cube of its speed and is-
50000 hp at 297 rpm. N

@

The speed must be adjustable over a range of 297 to 37.5 rpm. If rotor-
resistance speed control is used, plot curves of the following variables as functions of
the spead in rpm:

“a. Fan power, in kilowatts’

b. Power input to the motor, in kilowatts. Neglect stator copper,
totational, and stray load losses |

c. Total rotor-circuit copper loss, in kilowatts.

7-21. A 220-volt 3-phase 4-pole 60 hz induction motor develops a maximum torque of
225 per cent of the full-load torque at a slip of 0.15 when operated at rated voltage
ahd frequency. The actual votor resistance (not the referred value) is 0.03 chm per
phase. The stator resistance and rofational Jlosses can b e neglected.

a. What external resistance in actual ohms_ should be inserted in eath’
phase of the rotor winding in order to give maximum torque at starting?
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b, What is the slip at full load ‘without the oxtornol rotor resistance?
Would this slip be |omor, the same, or snﬁilor if tho shator resistance
were considered ?

c. What are the slip and torque in per cent when the motor current has
its full-load value but resistances of 0.07 ohm are 3mortod in ooch

" phase of the rotor circuit? ‘

d. What would be the maximum torque in per cent of the full-load

torque if the motor were connected ta. a 200-volt 50-hz source?

> 22.A 220-velt 3-phase 4-pole 60-hz, lOO—hp squirrel-cage Induction motor fakes a
blocked-rotar kcurrent of 200 per cent and develops an internal starting torque of - .
16 per cent for an applied voltage ‘of 30 per cent. A starting compensator is to be
purchased for this imotor. The starting compensator may be regarded as an ideal

3-phase step-down transformer connected between the supply line and the motor.

Determine the per cent starting torque if the shrﬂng compensator limits the starting

current in the supply line to 150 per cent of ‘the motor full- |oad current. - The supply=
line voltage is 220 volts.’ -

< 7-23. An induction motor has a full voltage locked rotor current of 7.0 per -unit.
It is desired to limit the maximum current, on starting, from the supply to 3 per cent.
" Two schemes are being considered - auto tmnsformers sh:lrﬁng or series reactance
inserted for current limiting., e

I
€

a. What is the transformer turns ratio required?

b. What is the per unit reactance required?

c. What is the ratio of starting torques developed in the two methods?
: . ' @
7-24, A 230-volt Y-connected 3-phase é-pole 60-hz wound-rotor induction motor has )
a stator-plus-rotor leakage reactance of 0.50 ohm per phase referred to the stator, a /
rotor-plus-load moment of inertia of 1.0 kg-mz,- negligible lossés (except for rotor
copper loss), and negligible exciting current. It is connected to a-balanced 230volt
source and drives a pure-inertia load. Across—the-line starting is used, and the rotor-
circuit resistance is to be adjusted so that the motor brings its Iood from rest to
one-half synchronous speed in the shortest possible time. :

®

Determine the value of the rotor resistance. referred to, the s}ofor anJ the
minimum time to reach one-half of synchronous speed.

. S A
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